WILSON. In vivo and in vitro observations of Leptospira pomona by electron microscopy. J. Bacteriol. 84:569-576. 1962.-Leptospira pomona 3341 was observed by electron microscopy, after the preparation of thin sections from culture material and from infected hamster tissue. The external membrane of low electron density envelops the entire leptospire and appears to be quite flexible, as suggested by its many folds. The spiral protoplasmic body is tubular in structure with a relatively dense wall and a central area of low electron density. Occasionally, very dark circumscribed bodies were seen imbedded in the protoplasmic wall. Detailed morphology is presented of a knoblike structure located at the end of the axial filament. Bifurcation of the axial filament could be demonstrated in leptospires from cultures. Leptospires were observed free or enclosed in vesicles within the cytoplasm of liver parenchymal and renal tubule cells. Erythrocytes located in kidney tissue also contained leptospires within the cytoplasm. The appearance of intracellular leptospires is much the same as those seen extracellularly or from culture.
The majority of electron microscopic observations of leptospires have been based on preparations made from various culture media. Leptospires were deposited on coated grids, usually shadowed, and observed under varying magnifications. These observations revealed three basic structures; namely, an external membrane, a spiral protoplasmic body, and an axial filament (Morton and Anderson, 1943; Babudieri, 1949; Breese, Gochenour, and Yager, 1952;  Swain, 1955 Swain, , 1957 Takeya, Mori, and Toda, 1957; Varpholomeeva and Stanislavsky, 1958) .
Additional morphological details of the three basic structures and their relationship to one another have been forthcoming in recent years as a result of thin sectioning of leptospires. Babudieri (1958 Babudieri ( , 1960 has shown conclusively that the axial filament is enveloped by the external membrane and is not located outside of the membrane. Simpson and White (1961) noted that the protoplasmic spiral was tubular in appearance. According to these authors, the wall of the protoplasmic cylinder was proteinaceous and consisted of fibrils, whereas the interior of the cylinder seemed to contain material of low electron density. Based on electron microscopic observations of thin sections, this paper is concerned with the morphological comparison of Leptospira pomona as it appears in vitro and in vivo, as well as the location of these spirochetes with respect to individual host-tissue cells.
MATERIALS AND METHODS
Three-week-old golden hamsters (Mesocicetus auratus) were inoculated intraperitoneally with 0.5 ml of a 6-day-old culture of Leptospira pomona 3341 (obtained from the WHO/FAO Leptospirosis Reference Laboratory, Walter Reed Army Institute of Research, Washington, D.C.) grown in either Stuart's medium (Difco) or Cox's (1955) medium enriched with 10% rabbit serum. These animals were sacrificed on the 4th or 5th day after inoculation, during the acute stage of the infection. Death usually occurred between the 4th and 7th postinoculation days in hamsters not sacrificed.
Liver and kidney tissue was removed and placed immediately into buffered 1.0% osmium tetroxide containing 45 mg of sucrose per ml (Farquhar, 1956; Caulfield, 1957) . The tissues were fixed for approximately 1 hr at 4 C, dehydrated in ethanol, and embedded in methacrylate or epoxy resin (Luft, 1961 Fig. 2 and 3) . At times the axial filament appears to be in close association with the exterior surface of the protoplasmic wall ( Fig. 6) , whereas, at other times and particularly in cross sectional view, it is eccentrically located close to the interior surface of the wall ( Fig. 2 and 4) . Leptospires from c lture occasionally demonstrated an axial filament which bifurcated ( Fig. 3 and 6 ). Figure 7 shows the axial filament terminating in a knoblike structure which appears to be imbedded in the wall of the protoplasmic cylinder. It is of interest to note the round dense structure located in the center of the knob. A similar knob is also seen in the leptospire located extracellularly in kidney tissue (Fig. 1) .
Intracellular leptospires. Electron microscopic examination of liver and kidney tissue revealed leptospires within the cytoplasm of liver paren- aof the protoplasmic cylinder, extending various distances beyond the wall of the cylinder, nevertheless enveloping the entire leptospire. This is particularly evident when viewed in cross section (Fig. 4 ). An area of relatively low electron density is clearly visible between the limiting membrane and the wall of the protoplasmic cylinder (Fig. 4) .
Folding of the membrane is not uncommon, particularly when the organism is viewed at high magnification (Fig. 3) .
Protoplasmic cylinder. The cylindrical form of the protoplasmic body of leptospires is quite evident in culture as well as in tissue (Fig. 1, 2, and 4). Cross sections indicate that the substance within the cylinder is less electron dense than its wall, thereby giving it the appearance of a tube (Fig. 4) . Only occasionally were circumscribed bodies demonstrated within the wall of the protoplasmic cylinder (Fig. 5) .
Axial filament. (Figs. 8, 9 , and 11). One hamster also demonstrated leptospires imbedded in the cytoplasm of erythrocytes located in the interstitial tissue and lumen of the tubules of the kidney (Fig. 10) .
A vesicular structure with a limiting membrane containing a leptospire can be seen within the cytoplasm of liver parenchymal cells (Fig. 8) . Similar structures were found in the cytoplasm of renal tubule cells (Fig. 9) but not in erythrocytes. Leptospires free in the cytoplasm were just as prevalent in the liver parenchymal cells and kidney tubules as were those seen in vesicles (Fig. 11) . DISCUSSION A comparison of the morphology of L. pomona by electron microscopy from culture and in hamster tissue shows conclusively that the same basic structure is present in both media.
The external membrane may be characterized as thin and flexible, based on its low electron density and its numerous folds. Cross sections of the leptospires, in particular, leave little doubt that the protoplasmic cylinder and axial filament are completely enveloped by the membrane. A space, also referred to by Babudieri (1958) , is clearly seen between the external membrane and the protoplasmic wall. It is difficult to ascertain from our observations whether this is an empty space created by the flexibility of the membrane or whether it is actually filled with material of low electron density. Simpson and White (1961) interpreted the entire structure as a sheath composed of nonproteinaceous material, since it stained poorly with phosphotungstic acid.
The tubular appearance of the protoplasmic cylinder was also described by others upon thin sectioning of leptospires from culture (Simpson and White, 1961) . As in the case of the space between the membrane and the protoplasmic wall, it is difficult to determine the presence or absence of material within the tube. The protoplasmic wall is quite electron dense, with an occasional granule appearing in a few of the observed spirochetes. Perhaps these granules are analogous to those described by Schlossberger, Jakob, and Piekarski (1950) as "nucleoides," observed upon staining leptospires by the HClGiemsa method.
The position of the axial filament relative to the protoplasmic cylinder is of interest. Leptospires seen in cross section often show the eccentrically located axial filament in close association with the inside surface of the protoplasmic wall. Babudieri (1960) also called attention to the eccentric position of the axial filament. However, the axial filament is also seen closely associated with the exterior surface of the wall of the protoplasmic cylinder. Electron micrographs by Czekalowski and Eaves (1955) show that, upon separation of the axial filament from the protoplasmic cylinder, a groove remained in the proto- protoplasmic bodies (Bradfield and Carter, 1952; Iterson, 1954; Swain, 1955; Babudieri, 1958) . Molbert (1955) showed an isolated axial filament of Leptospira australis B which appeared to be twisted. According to this author, the axial filament is composed of some five or six twisted fibers. It is entirely possible that the bifurcation of the axial filament is the result of the separation of such fibers. Additional wvork is indicated, however, to establish with certainty that the axial filament is composed of multiple fibers. Czekalowski and Eaves (1955) the axial filament terminated in a knoblike structure at the ends of the leptospires. Thin sectioning of L. pomona from culture also demonstrated spherical structures at the end of the axial filament. The knob appears to consist of a core enclosed by an inner layer of low electron density and an outer layer of considerably greater density. As advocated by others (Czekalowski and Eaves, 1955; Molbert, 1955) , the knob seems to be imbedded in the protoplasmic wall of the cylinder, suggesting a point of anchor of the axial filament to the wall at the terminal end of the cylinder. 
